Abstract. Bovine proinsulin has been crystallized under a variety of conditions at both neutral and acid pH. Microtechniques were employed with sample weights of about 200 jig and volumes of 5-20 1AL The crystalline preparations all differ from each other morphologically.
Introduction. Following the studies of Steiner arid his co-w%-orkersl2 who established that insulin is synthesized via a single chain precursor protein, proinsulin has been isolated and characterized from bovine,3-6 porcine,' cod,8 anglerfish,9 and human10"1 tissues. The connecting peptide segment of proinsulin which links the carboxyl-terminal group of the insulin B chain to the amino-terminal group of the insulin A chain is cleaved in vivo by proteolysis. The lengths and sequences of the C-peptide vary markedly between species. In bovine proinsulin, where the connecting peptide is 30 amino acid residues long," the proinsulin molecule with a single 81 residue chain has a molecular weight of 868. 5. Physicochemical studies of porcine proinsulin in solution'2"3 suggest that the aggregation of proinsulin molecules is comparable to that observed with insulin, both as a function of pH and in terms of interaction with zinc. The concentration dependence of the monomer-dimer equilibrium in acid solution has been investigated. At neutral pH in the presence of zinc proinsulin forms hexamers, although in the absence of zinc, the solutions are heterogeneous with respect to particles in the molecular weight range 22,000-58,000. Jeffrey and Coates"4 reported that for insulin in We began crystallization studies with a bovine proinsulin preparation4 given to us by Prof. Steiner. The material is salt free; if it contained zinc, this would imply a strong atypical (unlike insulin) zinc-binding capacity. We were aware of some similarities in solution properties between insulin and proinsulin and sought to exploit them. In particular, salt (sodium chloride) was employed to enhance ionic strength; a phenol' was also used in some studies. Only 8 mg of proinsulin was initially available. M\licrotechniques were required not, only for the crystallization studies but also for the preliminary solution studies made to determine proinsulin solubility over a broad range of pH and salt concentration. In order to enhance the possibility that the material could be crystallized we chose deliberately to explore several different sets of would-be optimal conditions. In all cases, crystals were obtained. Experimental Procedures. Preliminary solution studies suggested that proinsulin is more soluble than insulin and we were able to prepare solutions at neutral pH containing as much as 20-30 mg/ml and at pH 2-3 over 50 mg/ml. Proinsulin is less soluble at 30C than at room temperature and crystallization proceeds more rapidly in the cold. Salt concentrations appropriate to the preparation of proinsulin crystals were determined by preliminary diffusion experiments (see below). Survey studies were all performed at room temperature and the crystals which appeared, usually after about 4 weeks, were very small and ill-formed. In consequence, although some solutions were made up and mixed at room temperature, all subsequent crystallization studies were made in a cold room at approximately 30C. Mlost of the crystallization studies were conducted in thinwalled (10 Am) glass or quartz capillaries, 1 mm in diameter. These are normally used to mount protein crystals for x-ray study. The glass capillaries must be washed in acid and subsequently rinsed in distilled water to remove surface alkali. Some of the capillaries were coated with a bovine serum albumin solution (10 mg/ml in 50% acetic acid) to prevent interaction of proinsulin at the glass wall. The capillaries are approximately 60 mm long with a further thicker-walled flared end. The proinsulin preparations were usually made up at room temperature and allowed to stand in the cold (about 30C).
Proinsulin was brought out of aqueous solution by one or more of several effects: temperature-dependent solubility, salting out, pH change, or slow evaporation of the solvent.
Two variations in crystallization procedure were initially employed: (a) The capillary was heat-sealed at the thin-walled end. Solutions were added with a syringe, mixed using a micro-glass stirring rod, and finally sealed with a plug of embedding wax. Here, as elsewhere, the capillaries were maintained vertical at all times. (b) The narrow thinwalled end of the capillary was sealed with acrylamide gel, using the procedure of Zeppezauer et al.1' The proinsulin solution was introduced into the capillary as before, the narrow end of the capillary was then immersed in a glass container of precipitating solution which diffuses slowly through the gel. Once some crystalline material had formed, the capillary was removed from the container to halt diffusion and sealed at both ends with embedding wax. Glass apparatus (including glass syringe needles) was employed throughout except that steel syringe needles were used when a Swinny filter was employed.
Sometimes material to be employed in one crystallization (of the order of 200/Ag to be dissolved in about [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] Al) was weighed out separately in the capillary tube. Stock solutions prepared with 1 mg of proinsulin in 25-100 Mil were also employed. These solutions were usually filtered through a Jena sintered-glass crucible (IG4-porosity 5-10 Mm) or sometimes filtered through a Swinny filter.
Crystallization of proinsulin was studied under the following conditions: (1) In phosphate buffer at pH 7.25: Proinsulin (10-40 mg/ml) was dissolved in 0.0133 M phosphate buffer, which contained 22 mg/ml sodium chloride and also, when a phenol was employed, 3 mg/ml of m-cresol. The capillary tubes were filled at room temperature and then removed to the cold room.
(2) In citrate buffer at pH 7.25: Proinsulin (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) performed by the initial addition of the ammonium sulfate solution at room temperature followed by removal of the preparation to the cold room.
The first x-ray studies of proinsulin crystals were made without removing them from the thin-walled glass capillaries in which they were grown. In order to cut down excess background scattering, most of the mother liquor about the crystals to be photographed was removed with a microsyringe and only a meniscus of liquid left. Copper radiation from a conventional normal-focus GE x-ray source was employed. At a later stage of x-ray study, crystals were removed from the vessels in which they were grown and mounted in the usual way. X-ray precession photographs were taken with copper radiation from a Jarrell Ash microfocus unit. A pinhole collimator was used to limit the beam to a diameter of about 150 Am. The densities of two crystals which had been used for x-ray study were measured at 230C in a water-saturated bromobenzene-xylene gradient column made up to cover the calculated range of possible densities.
Results. In the studies with phosphate buffer those crystals which appeared after 1 week in the presence of m-cresol were essentially sphenoids, with some curved high-order faces still evident; some crystals were truncated (see Fig.  IA and B) . The crystals did not grow larger on further standing; the largest specimens observed were about 50 X 30 X 10 ,m. In the absence of m-cresol, crystals appeared after standing for 3 weeks. These were well-formed nonequant three-sided plates 30 Mm in average diameter and 10 Mm thick and showed oblique extinction.
Crystals grown from citrate buffer in the presence of m-cresol appeared after 1 week. They were thin blades of wedge-shaped cross section, about [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] Mm long. (Fig. iC) . In the absence of m-cresol intergrowths of ill-formed plates, of approximately square (20 Am) cross section. appeared after 3 weeks (Fig. ID) .
In the studies at acid pH in citrate buffer, the use of ammonium citrate led to the separation after about 3 weeks of small thin rectangular plates [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] Mm in length, which show parallel extinction. The crystals did not grow on further standing. Those crystals obtained from ammonium sulphate solutions appeared in 2 days and reached maximum size after 1 week. They were wellformed, bipyramids, about 90 X 40 X 20 Am, and extinguished parallel to the long axis (Fig. 1E) . X-ray photographs of this form taken with a normal focus source were poor and inadequate to establish unit cell dimensions or space group. In all the preparations described, the crystals immersed in their mother liquor were stable in the cold for a period of more than 10 attempted on the same scale and under similar conditions with a further 5 mg of material in order to establish that the crystallization procedures were reproducible. There were no differences in time of appearance, growth rate, or final size of the crystals obtained in this second study.
Larger scale crystallization was evidently necessary for the preparation of 1216 bigger crystals and the m-cresol-free preparations were combined and chromatographed on Bio-Gel P-2 with 0.1 'M acetic acid at room temperature according to the procedure of Steiner.'9 The proinsulin, the first material to come off the column and identified by its absorbance at 275 nm with a Beckman-DB spectrophotometer, was freeze-dried. Because acid crystallization procedures with ammonium sulphate had yielded the largest, well-formed crystals, the whole of the reworked material was initially employed for recrystallization of this acid form on a larger scale. The study further provided an opportunity to investigate solid-state aggregation of proinsulin at acid pH. These crystals may, in spite of their size and development, be expected to be of poorer quality than those grown at neutral pH if the analogy between proinsulin and insulin is maintained.
The large scale crystallization studies were made in culture tubes (6 X The minimum spacing observed for relatively short exposures was 2 A. The crystals appear unusually resistant to radiation damage and withstood x-ray exposure for more than 100 hr.
The equation 1/P, = Vc = A1VV + (1 -fp)VL (1) defines the relationship between weight fraction and other variables, where 1V, is the specific volume of the crystal, f, is the weight fraction of the protein, and UL is the partial specific volume of the liquid of crystallization. If it is assumed that the partial specific volume of the protein in the crystal is that determined in dilute solution, and that the liquid of crystallization is identical with the buffer solution used to prepare the crystals, then the equation can be solved for f,.
The crystals employed for density determination were small (100 and 120 ,um long, respectively). This introduces error-wiping the crystal free of mother liquor rapidly enough to prevent air drying is very difficult. The measured density p = 1.20 + 0.01 g/cm3 (estimated error) therefore must be considered approximate. Discussion. The close agreement found between the observed and calculated density is certainly adequate to establish that a bovine proinsulin dimer is the asymmetric unit in the crystal form studied. The dimer association found in solution at acid pH therefore exists also in the solid state.
Proinsulin crystals grown at acid pH show greater than ideal mosaicity and the extent of the diffraction pattern observed (2 A) is limiting for structure studies. Before the crystalline phase most appropriate for detailed x-ray study is chosen, other crystal forms should be investigated. A larger scale preparation of the other forms described is now under way. We note that the crystals grown in the presence of added zinc from citrate buffer appear poorer than those grown in the absence of added zinc from phosphate buffer. The relative roles of zinc and buffer are now under investigation. Zinc is required for the preparation of both rhombohedral21 and monoclinicl insulin crystals at neutral pH. The proinsulin provided, as we observed earlier, may already have contained tightly bound zinc. As porcine proinsulin differs so markedly from bovine proinsulin in the connecting peptide region, crystals of this species may not be formally isomorphous with those from bovine proinsulin-in contrast to the situation which exists for insulins from the two species. The crystallization of porcine proinsulin will be investigated.
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